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Introduction
Today's electronics market continues to grow at a considerable rate. The necessity of energy storage systems that fulfill power requirements for new devices has produced continuous research into new materials for electrochemical cells with higher energy density and that are low-cost, safe to use, and have high recyclability. Nowadays, Li-ion batteries govern the market due to their high-energy density. However, such batteries are nearing their capacity limit, which is insufficient in supporting the actual demand for low-cost batteries with high energy density [1] . Also, safety problems (i.e., thermal runaway and flammability) restrict their usage for the new generation of electronic devices [2] .
From different storage systems that have been previously explored, the metal-air battery is one of the most promising due to its high theoretical specific energy (around 1 300 W h kg -1 for zinc), inexpensive materials, and high recyclability [2] [3] [4] . Since oxygen is used as the cathode and can be absorbed from air, the battery can be filled with a greater amount of active material, which significantly increases its capacity. Among metal-air batteries, the Zn-air battery has attracted more attention due to some advantages, such as its use of environmentally friendly materials, its low-cost fabrication process, and the possibility to build an electrically rechargeable cell.
However, although the Zn-battery has reached the market of primary cells, its commercialization has been narrowed to the coin-cell configuration with a limited specific energy due to issues related mainly to the inefficient cathode materials used for its fabrication [5] .
The air-electrode (cathode) in the metal-air battery consists of a porous material (usually carbonbased) that is designed to supply oxygen from the air to the battery. The oxygen is then reduced by a chemical reaction through the electrolyte [6] [7] [8] [9] [10] . One of the main problems related to the aircathode is the effectiveness of its morphology for an optimal oxygen diffusion and to provide enough surface area for the triple phase boundary, where the oxygen reduction reaction (ORR) takes place. This problem is reflected directly in the energy density and the overall cell performance.
To better understand the role of the air-cathode during the zinc-air battery discharge, the following process occurs:
At the cathode, the oxygen absorbed from the air due to a difference in pressure is reduced at the three-phase contact (electrolyte, catalyst, and oxygen) with the help of the catalyst. The reaction produces hydroxyl ions which migrate to the anode through the electrolyte to form zincate and a potential of 0.4 V (Equation 1). Another of the main problems for the air-cathode is related to the accumulation of the water produced during the reaction, which accelerates the degradation of the electrolyte and induces flooding at the gas diffusion cathode; also, another reaction between water and zinc occurs, resulting in hydrogen gas generation that causes severe corrosion of the metal anode (Equation 5) [11] [12] [13] [14] [15] [16] .
Apart from the water accumulation in the electrolyte due to the chemical reaction, Zn/Al-air batteries are vulnerable to environmental conditions. This type of batteries commonly uses alkaline aqueous electrolytes due to their high ionic conductivity and high solubility to electrode reaction products [17] . However, this type of electrolytes (including aqueous-gel electrolytes) is extremely susceptible to air humidity and temperature and can generate flooding at the air-cathode. This situation increases the concentration polarization at the electrode, which relates the loss of energy due to the inefficient mass transfer originated by the low oxygen diffusion [7] . Although a lot of effort has been done in an attempt to develop an efficient non-aqueous electrolyte, the high ionic conductivity of aqueous electrolytes entails their use for hybrid electrolytes in modern systems.
Moreover, new configurations for metal-air electrochemical cells are designed to be thinner and more flexible in order to increase the range of applications for wearables or modern devices [18] ; this only exacerbates the flooding problem.
Therefore, a well-designed air-cathode with the right balance between hydrophobicity, hydrophilicity, and porosity control is critical [19] . The air-electrode must also be electrochemically stable and capable of avoiding the electrolyte loss of water without affecting the gas diffusion towards the cell.
Different studies have been carried out to improve the gas diffusivity towards the cell to avoid the flooding problem. Most of the methods consist of multiple carbon layers with a current collector that give a natural but uncontrolled porosity. While one part of the electrode is submerged in the electrolyte, the other section that is closed to the electrode surface (in contact with the atmosphere) is treated with polytetrafluoroethylene (PTFE) to achieve the hydrophobicity [10] . The issues with such a method are related to pore size control and pore density control as well as achieving the right amount and deposition of PTFE without affecting the oxygen diffusion. Furthermore, although this configuration might prevent the water from going into the gas diffusion section, the water generated in the electrolyte will still accumulate in the electrolyte. This accelerates the corrosion rate at the anode and reduces the cell efficiency.
On the other hand, studies focused on the development of electrodes for flexible Zn-air batteries have been increasing rapidly. Zhang et al., 2016 [20] , reported a bifunctional air-electrode with a flexible wire-shaped structure. The system presents high mechanical properties and cyclability by combining a conducting polymer (polypyrrole), carbon nanofibers and cobalt nitride (Co 4 N).
Another example of modern methods (e.g., Xin-Bo Zhang et al. [21] ) present novel techniques to fabricate flexible electrodes with controlled porosity for metal-air batteries. In this work, a method inspired by golden-toad eggs is developed to achieve a flexible carbon fiber electrode with interconnected channels to facilitate mass transport in LiO 2 batteries. Also, Yao et al., [5] developed a flexible carbon-based film as a bifunctional catalyst for Zn-air batteries; however, any of the methods previously mentioned present a suitable solution to reduce the problem of flooding at the air-cathode and improve the oxygen diffusivity.
This paper presents a novel and flexible double-layer membrane air-cathode for Zn/Al-air batteries combining two different membranes with an independent pore morphology for each one. A thermoplastic hydrophilic membrane with an open-cell morphology is used for water absorption, and a hydrophobic membrane with a closed-cell morphology is used as a gas diffusion layer. This not only solves the problem of flooding at the gas diffusion layer due to the use of aqueous electrolyte, but it also increases the surface area for catalytic activity and achieves a flexible configuration in order to expand available manufacturing options. In this paper, the fabrication method and the electrochemical characterization are explained in detail as well as the results and conclusion. The composite membrane is made of thermoplastic polyurethane (TPU) as a matrix and multiwall carbon nanotubes (MWCNT) / active carbon (AC) as fillers for electrical conductivity and catalytic activity [22, 23] . Studies have demonstrated the high capacity of TPU matrix for containing a significant amount of CNT due to the soft polymer structure. [24, 25] . Two different foaming techniques were considered to control the pore morphology for each membrane:
a batch-foaming process using supercritical CO 2 in a sealed high-pressure chamber for the closedcell morphology; and NaCl as a temporary space holder for the open-cell morphology. The hydrophilic open-cell pore structure must be designed to induce a capillarity effect between the matrix and the electrolyte, facilitating the water absorption stored in the electrolyte. Figure 1 presents the concept proposed for the flexible Zn/Al-air battery. It consists of the double-layer membrane air-cathode, a 4M KOH solid state electrolyte, and finally the metal anode. The fabrication method allows customization of the materials-for example, the polymer matrix or fillers can be changed according to specific requirements in terms of mechanical properties or electrochemical behavior. In this work, simple active carbon was used as the catalyst to improve the ORR; however, a bifunctional catalyst can be used instead, applying the same fabrication technique. The fabrication method and material used provide high recyclability and wider options for multiple shape fabrication, including mechanically flexible batteries. 
Experimentation
The experimentation was divided mainly into three parts: membrane fabrication, wetting properties and swelling capacity of the membranes, and electrochemical tests.
Material
Since the purpose of the battery is to be flexible, each part was made from thin films. For the anode, aluminum 1100 and commercial zinc (99 %) sheets from McMaster-Carr were used first; then, the metal zinc sheet was replaced with zinc powder in order to achieve higher surface area 
Electrolyte
The solid-state electrolyte is a compound of PVA/KOH. Two beakers were prepared with 25 ml of deionized water; the first beaker was used to dissolve KOH pellets for a 4 M concentration, and the second beaker was heated up to dissolve the PVA. The solution was magnetically stirred until the PVA powder was fully dissolved, then the KOH was added. The final PVA/KOH liquid electrolyte was poured in a flat plate and dried at ambient temperature and relative humidity of 35 % for 24 h. The result was a solid electrolyte film with a thickness of 0.1 mm (Figure 2a) . 
Open-cell foam
For the hydrophilic layer, the TPU powder was blended with 60 % wt. of NaCl to make a fine mix powder and achieve an open-cell morphology foam. 10% wt. of AC was ground into small particles ranging from 10 to 50 µm and added to the TPU/NaCl powder. Finally, 10% wt. of MWCT were first sonicated with isopropyl alcohol for 20 min. and then dried until the isopropyl alcohol was fully evaporated. Since the surface molecules of CNT's possess an extremely high intermolecular Van der Waals force of attraction, their dispersion in any type of matrix is commonly an issue. The sonication process helps to disperse the fillers in the solution, creating a thin CNT film once the alcohol is evaporated. Such a layer is more easily handled during the mixing process with the TPU powder. The TPU/NaCl/AC mix was added to the previous MWCTs concentration and stirred until the mix was completely homogeneous.
A mold with the electrode's dimensions of 1 cm x 3 cm x 0.5 mm (width, depth, height, respectively) was filled with the mix previously prepared and then set in the compression mold at 190 °C for 30 min (Figure 3a ). The mold with the melted compound was quenched in water to solidify the TPU. The solid and flexible electrode was submerged in water for 24 h to dissolve the NaCl particles, and then it was dried in an oven for 4 h at 70 °C (Figure 3b) .
The result was a solid and flexible electrode with a micro-sized open-cell foam structure ( Figure   3c ). The NaCl dissolution formed interconnected channels within the matrix with the capacity to increase the capillarity effect between the electrode and the electrolyte. This morphology not only induces the electrolyte absorption in case leaking is present, but the open-cell structure also increases the catalytic activity for the MWCNT and AC. 
Closed-cell foam
For the hydrophobic layer, the process of preparation was the same as the one described for the hydrophilic layer, except for the addition of NaCl. Also, the mold dimensions changed to 1 cm x 3 cm x 0.3 mm. After the compression molding process, a batch-foaming process was performed to obtain the closed-cell foam morphology. During the batch-foaming process, a sealed highpressure chamber was used to induce the cellular structure within the membranes (Figure 4d ), where supercritical CO 2 was injected at 2500 psi (17.23 MPa) at standard ambient temperature for 3 h (Figure 4a ). After the dissolution and saturation of the CO 2 into the sample for 3 h (Figure   4b ), the gas pressure was released, producing the pore nucleation within the sample matrix. The electrode was then taken out of the chamber and quenched in silicone oil at 100 °C for one minute (Figure 4c ). The drastic increment in temperature reduces the solubility of the gas and softens the polymer, allowing the pore to expand (Figure 4e ). After the silicone oil bath, the cell morphology of the samples was stabilized by cooling down the samples using cold water [27] [28] [29] . Finally, the closed-cell foam was washed to remove the rest of silicone oil and dried in an 
Wettability and MVTR (moisture vapor transmission rate)
To provide information about the membrane behavior with regards to water, wettability properties, swelling capacity, and MVTR were characterized using three different techniques.
Wetting properties were measured using the telescope-goniometer technique. A 20 µL water droplet was deposited on the surface of the sample, and the tangent angle at the three-phase contact was observed [30] . The swelling properties were examined by measuring and comparing the water-absorption capacity [31] . First, the hydrophilic membrane was immersed in deionized water for 72 h and weighed afterwards. The swelling capacity was calculated using the equation
6:
% Swelling = [(Wet weight -dry weight)/dry weight] X 100 6
MVTR by a continuous gravimetric control experiment was carried out with the purpose of measuring how much vapor-water the open-cell membrane is capable to absorb under hightemperature conditions. The experiment was done by measuring the water loss in a closed chamber at 50 °C using the membranes as a permeable outlet. First, only the gas diffusion membrane (closed-cell membrane) was used; second, both layers (open-cell membrane and closed-cell membrane) were used together as the permeable outlet for the chamber. The percentage of water lost was recorded every 2 h for 24 h.
Electrical conductivity and electrochemical test
The electrical conductivity was characterized for both membranes separately using Novocontrol dielectric analyzer equipment. The samples were prepared by cutting the membranes into a circular shape with a diameter of 20 mm. The experiment was conducted by applying an AC voltage of 1 V RMS (root mean square) to the samples throughout two copper plates under a frequency range of 0 Hz to 300 kHz.
For the electrochemical tests, a Multi-Potentiostat Solartron analytical 1400 equipment was used.
First, 0.2 and 0.5 g of aluminum and zinc metal sheets, respectively, that were 0.2 mm thick were used as the anode with the double-layer composite electrode as cathode and the solid-state electrolyte. Since an aluminum-air battery can only be used as a primary cell, and it can only be mechanically rechargeable by replacing the metal, the second test was performed just for the zinc anode due to the possibility of building the cell as a secondary battery (electrically rechargeable).
For this test, 0.20 g of zinc powder was used as the anode with particles ranging from 100 µm to 150 µm of size in combination with the solid-state electrolyte.
No considerations for CO 2 filtrations were taken. The electrochemical tests were performed under standard ambient temperature and pressure and a relative humidity ranging between 85 % and 90 %. show the well-defined pore structure with diameters ranging from 1 to 10 µm.
It is important to highlight that, although the matrix after foaming is low in density (1.2 g cm -3 for TPU before foaming process, 0.93 g cm -3 for the closed-cell membrane, and 0.6 g cm -3 for the open-cell membrane), the TPU/CNT composite is flexible and strong enough to withstand bending. Figure 6 exhibits the contact angle for both membranes. Contrary to the contact angle that can be expected on a flat and smooth surface where the contact between the liquid and the solid is uniform, in the case of a porous surface, a wetting transition exists. As shown in Figure 6a , the contact angle between the surface and the droplet is 73°; however, this contact angle is due to an equilibrium formed between the air inside the pores and the liquid. Although this apparent surface presents low hydrophobicity, after 20 min of being suspended on the surface, the equilibrium between the water and the air trapped in the pores started to change and produced water diffusion into the channels; this reduced the contact angle up to approximately 33° ( Figure   6b ). This effect also represents the capillarity effect between the liquid and the interconnected channels within the matrix. On the other hand, for the closed-cell membrane, a contact angle of approximately 130° was observed, which denotes high hydrophobicity (Figure 6c ). Although the membrane also possesses a porous morphology, the foam cell structure is smaller with a welldefined pore, which helps to maintain the equilibrium between the surface and the liquid and reduces the wettability. . At 1 mA of discharge, the zinc battery least for 7 h. After the electrochemical tests were done, the cells were disassembled to detect any sign of moisture in the gas diffusion membrane due to leakage. The external membrane did not present any change in dimensions or weight. However, the internal hydrophilic membrane was found with an increment of 10 % of its initial weight, which can be attributed to the electrolyte absorption. The anode was found to be almost completely consumed in the case of Al, and zinc oxide layer formation was found on the metal surface for the Zn cell.
Wettability, swelling capacity, and MVTR
To increase the surface area between the anode and the electrolyte during the second test, the Zn metal foil was replaced by Zn powder with a stainless-steel film as the current collector. Figures 9b, 9c, and 9d present the discharge, capacity, and power density curves for the powder zinc-air battery at four different current rates: 1 mA, 2 mA, 5 mA, and 10 mA. The four rates show stable performance over time. For 1 mA, the cell worked for more than 30 h and achieved an energy density of about 198 W h kg -1 before the cell dropped below the cut-off voltage. The higher power density reached is 60 W kg -1 at 10 mA of discharge. However, the amount of active material used (0.2 g) and the lack of additives to suppress the hydrogen evolution could affect the achieved power density.
After the second tests, both membranes were analyzed. Just like in the previous analysis, no change in weight or dimension was detected for the gas diffusion membrane, even after 33 h of being tested in a room with relative humidity ranging from 85% to 90 %. Furthermore, it is important to highlight that the results presented in this work were obtained using pure zinc and aluminum metals for the anode and KOH/PVA for the electrolyte. However, previous studies have shown significant improvement for the anode utilization and corrosion inhibition by the use of materials like Zn alloys and/or metal oxides, and additives for the electrolyte, such as silicates, surfactants, or polymers [32] [33] [34] [35] .
To test the batteries in real applications, a 1.8 V LED was powered. Two flexible zinc-air batteries using 0.4 g of zinc and the double-membrane as air-cathode were connected in series; they achieved 3.0 V in open-circuit voltage, allowing the LED to work for more than 24 h at a drain rate of 5 mA (Figure 10a ). Also, a single cell was used to power a clock (whose alarm was used every day to simulate regular use) for more than a month. In both cases, no leakage was presented even during bending. 
Conclusion
This paper focused on the fabrication of a novel double-layer composite membrane for its use as an air-cathode for portable and flexible Zn/Al-air batteries with an aqueous electrolyte. This membrane was produced with the goal to reduce the water loss in the electrolyte under high humidity levels. High flexibility was achieved due to the TPU matrix, whereas the AC and MWCNT produced high electrical conductivity. The double-membrane was designed with different pore morphologies-an open-cell membrane to increase hydrophilicity and water absorption and a closed-cell membrane for hydrophobicity and gas diffusion. The open-cell membrane showed high swelling capacity (68%) due to the interconnected channels within the TPU matrix. On the other hand, the closed-cell membrane presented similar stable behavior as the gas diffusion layer for all tests. The battery was assembled with the polymer double-layer cathode and tested under standard temperature/pressure conditions and relative humidity ranging from 85 % to 90 %. The specific energy achieved was as high as 198 W h kg -1 at a discharge rate of 1 mA for 33 h, whereas the specific power density was as high as 60 W kg -1 at a discharge rate of 10 mA lasting for 2 h. All the tests were performed without any leakage from the battery surface during or after the process-even during bending. Further analysis and electrochemical tests under different humidity and temperature conditions, as well as the CO 2 effect, are required in order to verify the effectiveness of the double-membrane air-cathode.
